' Life is a pure flame and we live by an invisible fire within us.'
plant, borrowed for the most part from other trades, which had characterized the early phase of the industry now no longer sufficed. The manufacture as well as the chemistry of dyestuffs had become scientific, and a new phase was inaugurated by the production of synthetic indigo on the large scale. The latter event saw even inorganic processes such as electrolytic alkali and chlorine, as well as contact sulphuric acid, invented and developed solely in order to meet the need of the dyestuff industry to obtain its primary products on a bigger and more economic scale. With these developments the German dyestuff firms progressed from strength to strength, a fact of which Green was keenly aware, and which caused him to despair as he came to realize his failure to arouse interest among the industrial and political leaders of this country. It is not surprising, therefore, that at this stage Green severed his connexion with industry. He left the Clayton Aniline Company in 1901.
Green's next venture was to open a private laboratory in London in order to sell his ideas and to act as a chemical consultant. Within a short time, however, he was invited to accept the chair of Colour Chemistry and Dyeing at the University of Leeds (at that time the Yorkshire College, a constituent of the Victoria University).
Green's appointment as professor, direct from industry and without any academic experience or standing, reflects considerable credit on the enterprise and judgment of those responsible at Leeds. He was, however, well fitted for the post and, although he had a most distinguished predecessor in the late Professor Hummel, Green, during the period 1903-1916, in which he occupied the chair, greatly enhanced the reputation of his department, both in teaching and in research.
Liberally endowed by the Clothworkers' Company, according to the standards of the day, Green's department at Leeds became not only an outstanding example of the teaching of applied science, but it acquired an international reputation for its research work. Graduates of universities, both in this country and abroad, came to work under Green, and the students of the department were eagerly sought after, even by the great German dyestuff firms.
The nature and the success of Green's work while in the chair at Leeds are well indicated in his original publications during this period. These are almost exclusively of a scientific character, but he never entirely lost his contact with the dyestuff industry at home and abroad, with which he had many consulting connexions. As the discoverer of a new method of dyeing Aniline Black he also had a very intimate practical contact with the dyeing trade through the grant of patent licences in many countries.
By a coincidence, one of Green's contemporaries at Leeds was Procter, head of the Department of Leather Technology. Procter too had been recruited from industry and had an international reputation, not only for the training of students in the scientific aspects of industry, but also for his pioneer work in colloid science. The importance of the teaching and the original work done by men of the type of Green and Procter in the interest of the scientific develop-ment of industry is usually insufficiently appreciated by those in authority over matters educational. The faintly acidulous attitude too often shown by the academic world towards the more 'applied' aspects of advanced scientific education was not absent at Leeds; perhaps the lessons now brought home so painfully by a technical war were not so obvious in 1914. Whatever the reasons Green was restless at the time and when war broke out was probably feeling a strong urge to get back into industry.
The war in 1914 brought new ideas and responsibilities to Green. All his forebodings and warnings about the decadence of organic chemical industry in England proved to be only too well founded when, out of our unpreparedness, we had to improvise the means to deal with a scientifically well-equipped foe. Like other academic leaders in chemistry Green was faced with the need of finding men for the understaffed factories and of assisting the Government with advice and hurriedly improvised research work. Green's experience in the dyestuffs field led him to useful contributions in many directions, for example, in the explosives field he pioneered the chlorodinitrobenzene route to picric acid. 2 The dyestuff crisis was one of the most acute of the many technical problems with which the country was faced at this time. Not only was there an insufficiency of plant and experience to meet more than a small fraction of the urgent demand, but, owing to the comparative neglect of scientific research and advanced teaching in organic chemistry at the universities, there was an insufficiency of the type of men required for the hurried improvisation of an entire industry, which was what the situation called for. In this chaos Green resigned his chair at Leeds early in 1916, and took on the double responsibility of establishing the Dyestuffs Research Laboratory at the Manchester College of Technology, and at the same time acting as advisor to the firm of Levinstein Ltd, who were at that time bear ing the brunt of the increased dyestuffs production. An outstanding event of Green's connexion with this firm was his collaboration in the working out and establishment of the technical production of mustard gas on the large scale, an event which aroused much enthusiasm amongst our American allies but was attended by some academic controversy in this country. 3 Green's interest did not wander from dyestuffs for very long, and the end of the war found him working whole time with Levinstein Ltd as director of a new research laboratory staffed very largely from the pick of the chemists released from other fields of the war effort. Green held this appointment through the troubled times which fell upon the dyestuff industry in the early years of peace. The struggling industry was the subject of much political controversy as well as many changes in management resulting from the 'rationalization' which was part of the post-war economy, on top of which it was all but ruined by the effects of the Sankey judgment.
In 1923, Green's firm, having in the meantime become the British Dyestuffs Corporation Ltd, lost his services on account of a disagreement on policy. Green held the view that an industry dependent on scientific development should be in the hands of men having the fullest appreciation of science, that is to say, of scientists. This view was not commonly held by his contemporaries, but Green knew only too well from personal experience the disaster which the industry had suffered in this country through falling into the hands of men who lacked knowledge, and he was anxious that the mistake should not be repeated. Unfortunately he chose the wrong moment to attack, pressed his point, and lost; had he waited, he would have been successful, judging in the light of subsequent events in the industry. It is safe to say, however, that in the period during which Green directed his laboratory at Blackley, the seed was sown for the great revival of the dyestuff industry which followed there later. The reason for this was the fact that wherever Green established himself his efforts were always directed along the path of originality and discovery, as the true object of research. When his old firm found itself in circumstances of greater security under the aegis of Imperial Chemical Industries Limited it blossomed out in an ambitious and successful research effort which commanded the respect of the world of chemical industry and secured it many commercial advantages. This success can safely be attributed to the inspiration gained in many ways, direct and indirect, from the inventive spirit of A. G. Green. During his period at Blackley, Green's interests covered a wide field of dyestuffs invention and he revived an old attachment he had always had for the chemistry of synthetic drugs. The close connexion between drugs and dyes is well known, and it is significant that the continental dyestuff manufacturers have been responsible for the world's greatest advances in chemotherapy. It was natural, then, that Green should concern himself with this off-shoot of the dyestuff industry and in his later years his 'retirement' was largely devoted to experimental work on the subject in his private laboratory. This work bore fruit in the issue on the market of Sulphanilamide EOS, a useful contribution to chemotherapy, shortly after Green's death. 4 Green resumed his connexion with his old colleagues in the dyestuffs industry at Blackley during the last six years of his life, when he became a consultant to Imperial Chemical Industries Ltd, and, by his regular visits to the great laboratories which the firm had built at Blackley, was able to participate in and inspire the work of the new generation of dyestuff chemists. It was a unique opportunity for these younger men to learn from one of the early pioneers of the industry that in spite of the enormous strides which had been made on the theoretical side of chemistry in the intervening generations, and the colossal amount of publishing and patenting which had filled in the years, old natuie s lap is still full of prizes for those who will acquire the knack of putting the right kind of questions to her. To quote a Chinese proberb, 'To ask well is to know much'. Green was very successful in imparting the art of 'asking', and his pupils have played a considerable part in the restoration of the dyestuffs industry in this country.
In personal disposition Green's character was of the mildest and gentlest. His fervent belief in science as a keynote in modern life, and in the dyestuffs industry as a keystone in modern industrial development, was never expressed in mere pugnacity, but rather as a quest, a persistent crusade for that in which he believed with all his heart. Nevertheless there was plenty of toughness of moral fibre in Green, and through the varying phases of his career, he never once surrendered the ideals for which he had battled all his life.
Green's work earned him many honours in the worlds of science and technology. These included election to the Royal Society (1915) and the honorary degree of M. Sc Apart from chemistry Green had few interests. He liked foreign languages and travel, and in his early days tramped and cycled extensively in continental countries. He had a happy family life and his character was seen best in this setting-a simple man whose ambition was all for his science.
Green's domestic life was one of unclouded happiness until he lost his wife early in 1941. She was the daughter of Henry Charles Heath, a well-known miniature painter. For fifty-two years she supported him in his many struggles and vicissitudes and nursed him through several serious illnesses, for, though apparently as wiry in body as in spirit, Green's health was on the frail side. She gave him two daughters and amongst his private papers he left a most touching tribute to her brave spirit. There is no doubt that the shock of her death hastened his own end, for he followed her within a few months.
In attempting to appraise Green's life-work, one must place his merit as an inventor to the forefront. The outset of his career was signalled by a dyestuff invention which stands out in the history of that industry. Green was also a successful teacher, and, during his academic period, he turned out a great volume of original scientific papers in collaboration with the numerous research students who were attracted to his Leeds laboratory. From the beginning to the very end of his career, however, Green never ceased to give his thoughts to industrial problems and inventions.
Green's career may be divided into three periods: the early-industrial up to about 1900, the middle-academic, interrupted by the war in 1916, and the post-war industrial and consulting period. Green's war-work was an interrup tion which deserves special mention. Comparison of these phases is not really possible, but, in my view, the first period was the most pregnant, and it was Green's tragedy (and ours) that its potentiality was not recognized and exploited effectively for the benefit of British industry. Green 'arrived' just about the end of the early, or 'rosaniline' period of the dyestuffs industry. He missed, therefore, being one of that band of the earliest pioneers who in the twenty years following the discovery of Mauve made fortunes and retired young.5 Instead Green found employers for his young talent who were completely lacking in knowledge of the science on which the industry rested and indeed without ordinary vision, since, apparently, they thought the industry was past its hey-dey, an attitude which is almost unimaginable in the light of events and is, perhaps, another example of the curious kinks in Victorian mentality.
It is a matter of history that when Green came on the scene the dyestuff industry was just entering a new phase, when its real economic possibilities were to be clearly indicated by the rise of the azo dyes and eventually confirmed by the large-scale production of synthetic indigo. This was the psychological moment for 'big business' to step in. Unfortunately for this country, however, organic chemistry lay beyond the vision of its business leaders; had it been otherwise Green would undoubtedly have given the impetus in this country which men like his contemporaries Rene Bohn, T. Sandmeyer and R. E. Schmidt gave on the continent, resulting in the establishment of dyestuff technology in the front rank as an industrial power-centre from which radiated eventually many other branches of organic chemical industry, e.g. drugs, artificial fibres, new photographic technique, synthetic polymers, etc. etc. to say nothing of the consequent developments in inorganic chemicals which the new organic industry consumed in large quantities. The fruits of Green's inventions up to about 1900 could, if properly developed, and the profits 'ploughed in' to produce an ever expanding research, have established an industry in the country comparable at least with that which grew up in Germany and Switzerland. British inventiveness had proved itself in the pioneer period of the dyestuffs industry following Perkin's discoveries; it has proved itself again in the renaissance which followed after the Great War. Green's tragedy was that his talent was not exploited in his hey-day, and it took a war to prove that his views on the importance of the dyestuff industry to this country were not over-stated. In the dangerous time ahead of us we must see to it that the lessons provided by Green's career are not forgotten.
Green's earliest invention was, it so happened, his most outstanding one, the discovery of Primuline in 1887. 6 By the action of sulphur on para-toluidine, the thiazole, dehydrothiotoluidine, The new dyestuff, although fugitive to light, was an attractive addition to the, at that time, very limited range of direct dyeing cotton colours. (Congo Red, the first of the benzidine dyes, was less than three years old), but Green had still further work to do before Primuline achieved the position it was later to assume as a major dye. Green applied his mind to the technique of dyeing and discovered the process of diazotizing and developing on the fibre those substantive dyes which contain a reactive amino group. Primuline in this way gave a red with /3-naphthol which achieved great industrial importance, and is still largely used though now past its hey-dey on account of the discovery of faster modern 'azoic' colours and other developed reds. Green's new dyeing process was as remarkable a piece of pioneering as the discovery of Primuline itself.7 Many inventors have over the years devoted their minds to the elaboration of direct cotton dyes suitable for diazotization and development on the fibre, and the range of such dyes is to-day a large one. Invention in the series still goes on because, although every shade is now represented in the range, the production of certain developed shades, i.e. yellows and greens, presents a problem which has a special challenge for the dyestuff chemist.
Besides the red obtained by diazotizing and developing with /3-naphthol, Primuline gives other shades with other coupling components, e.g. a bordeaux with ethyl-/3-naphthylamine, a brown with meta-phenylenediamine, etc. The diazo-compound is light-sensitive and has been employed in photographic reproduction, thus being the forerunner of the modern diazotype process which is now almost universally used for engineers' drawings. 8 The 'Ingrain' process, as Green called it, of azo formation on the fibre not only had outstanding industrial importance but was a great piece of pioneering. The effect of increasing the molecular complexity of a substantive dyestuff on the fibre is not merely to modify the shade, but to increase the fastness of the dye. To-day this result is achieved in a number of analogous ways, and Green's invention must be regarded as the parent of the great range of 'developed' colours, and in part at least, of the modern 'azoic' colours. In the latter the process employed by Green is reversed, a coupling component which has a degree of affinity for cellulose, e.g. /3-oxynaphthoic anilide, being applied first and the diazo component afterwards. The fastness thus obtained is conditioned by the affinity of one of the components, a feature which is shared by the original 'ingrain' process of Green, and which distinguishes it from the older 258
Obituary Notices 'para-red' process of Holliday. This development is mentioned here in order to emphasize the far-reaching effects of Green's early stroke of genius. Green's employers made the fatal mistake of not patenting Primuline, and within a very short time it was successfully imitated by the Swiss firm of Geigy and later by every other dyestuff maker in the world. The discovery of Primuline led to many other new dyestuffs. A study of the action of ammonia on the diazo compound led to the discovery of a method of conferring cotton dyeing properties of the lower thiazols derived from yj-toluidine. These ideas were not patented or developed by Green's firm and dyestuffs arising from them were later manufactured by several other firms under the names of Thiazol Yellow, Clayton Yellow, etc. A similar fate befell the valuable basic dyes discovered by Green when the bases obtained by the reaction of sulphur on para-toluidine are fully alkylated. A simultaneous discovery by the firm of Cassella led to the introduction of Thioflavin T. Green's employers never took up the manufacture of this valuable dyestuff. 9 The discovery of Primuline and its development created a whole chapter of dyestuff chemistry, competent exploitation of which could, in the judgment of well-placed observers in the German industry, have put the English firm in the front rank of the world's chemical manufacturers .10 From now on, until he left industry in disgust, Green was occupied in a series of useful dyestuff inventions and their industrial development. Azo dyes and derivatives of dehydrothiotoluidine occupied most of his attention. rl his very substantial contribution to industry is, as usual, only sketchily described in the patents and occasional papers appearing in Green's name about this time. Some time after he became chief chemist and manager to the Clayton Aniline Company he took up the study of the stilbene dyes which was to occupy his interest, on and off, for a number of years. This class of dyestuffs is derived from ^>-nitrotoluene-o-sulphonic acid by treating it with alkali under various conditions. The first of the dyes which had been obtained by this reaction, known as Sun Yellow, or Direct Yellow A, was thought (Bender & Schultz) to be azoxystilbene disulphonic acid:
CH.C6H 3(S 0 3H ).N CH.C6H 3(S 0 3H).N
This formula implies reducing conditions in the condensation. On further reduction a redder shade was obtained in which the azoxy group was supposed to be replaced by an azo group (Mikado Orange), whereas under mildly oxidizing conditions a greener shade of yellow was obtained (Mikado Golden bellow). Green studying these obscure reactions discovered dinitrostilbene disulphomc acid:
CH.C6H 3(S 0 3H ).N 0 2
CH.C6H 3(S 0 3H ).N 02
Obituary Notices to be the end product of oxidative condensation and from this starting-point he rationalized the preparation of the stilbene dyes. He manufactured them all from one starting-point, dinitrostilbene disulphonic acid, by alkaline condensa tion under increasingly strong reducing conditions. In this way he obtained a series of dyestuffs, starting from a greenish yellow and gradually reddening to an orange, which issued under the trade name of Stilbene Yellows and Oranges of various brands. This systematic procedure gave dyestuff of improved bright ness and purity and resulted in valuable business. The stilbenes, together with the thiazoles, still constitute the main bulk of the yellow direct cotton dyes.
Remembering that Green had developed the thiazol series also at Clayton, it is not surprising that his company held an important position in this section of the dyestuffs field, a fact recognized jocularly at the time by references to Clayton's 'Gelbsucht' (jaundice). G reen's interest in the stilbene class of dyes did not cease with the elaboration of manufacturing methods. He was not satisfied with earlier views on their constitution and began to work on the problem. This work was not completed, however, until ten years later, and is described as a series of papers11 published from the Clothworkers' Research Laboratory at Leeds, in which it was finally established that the dyes obtained from ^-nitrotoluene-sulphonic acid were azo compounds, the azo group joining two stilbene residues in their para-para positions; the para'-para' positions being occupied by an azo, an azoxy, or nitro groups, according to the degree of oxidation or reduction which had taken place during the alkaline condensation. The mechanism is shown on the scheme on the previous page, which postulates the transition formation of a nitroso stilbene, this being the cause of the intense red to blue colourization observed initially when ^>-nitrotoluene derivatives are acted upon by alkali.
Further action of reducing agents results in the formation, first, of a leuco compound (hydrazo), and, finally, of diaminostilbene disulphonic acid. The above scheme over-simplifies the actual commercial processes, of course, since a mixture of products is usually obtained consisting not only of stilbene dyes containing a varying ratio of azo, azoxy and nitrogroups, but also dinitrodibenzyl derivatives (generally tending to be formed under conditions of milder alkalinity) and traces of azo-methine derivatives and aldehydes.
By his work on the constitution and mechanism of the formation of the stilbene dyes, Green paved the way to a further extension of the series. He knew already in his Clayton days that dinitrostilbene disulphonic acid could be condensed in alkaline solution with various amines to produce stilbene-azo dyes, the formation of which he later attributed to the reactive intermediate nitroso compound, e.g. In all probability the products are mixtures, as in the case of the stdbene yellows.
The reaction was later extended by dyestuff manufacturers in several countries to include a wide variety of aminoazo compounds as reactive amines. This has resulted in a considerable number of valuable dyestuffs, chiefly browns, which constitute a major slice of that section of the direct cotton colour range.
Although developments in the thiazole and stilbene group of dyestuffs represent Green's main achievement in his Clayton period, he introduced a number of miscellaneous azo dyes, chiefly of the direct cotton series, e.g. various Rosophenine brands. There is, however, one other main topic to which he gave much attention, though without achieving the degree of success which attended his efforts in other fields.
The sulphide dyes which had already attained some importance, during the last years of Green's stay at Clayton, reached the climax of their development with the arrival of the most important of them all, the famous black obtained by the thionation of 2-4-dinitrophenol. The chemistry of the sulphide dyes was unknown and their manufacture was (and still is) based on pure empiricism. Green thought that greater progress could be made if the constitution of the sulphide dyes could be ascertained and their synthesis thereby systematized. He attacked this formidable task, starting from Vidal's view that the sulphide blacks are polythiazines. He attempted a synthesis by making a dithiosulphonic acid of a />-phenylene diamine or of a para-aminophenol and oxidizing these together with amines, a scheme illustrated by the following example, in which the dithiosulphonic acid obtained by reacting nitrosophenol with sodium thiosulphate in acid solution is reacted first with two molecules of p-aminophenol:
262
Obituary Notices
This compound in the third phase of the reaction gave a sulphide dye.12 Along such lines several brands of Clayton Fast Blacks were made, which, on account of their freedom from the by-products of the usual sulphide 'melt', were recommended as non-tendering and capable of use in calico printing. 13 These blacks were lacking in some other respects, however, and Green concluded, too, that the thiazine hypothesis did not apply to them, but that they were more analagous to aniline black in constitution, i.e. were probably polyazines. The molecule is certainly complex, and depends for its dyeing properties not on its nuclear structure, but on the presence of -S = S -groups which, in the sulphide dye-bath, are reduced to -SH groups, which confer solubility. The soluble 'leuco' compound is absorbed by cellulose fibres, on which it reoxidizes to the insoluble -S-S-form and is then resistant to weak alkalis, acids and to washing. No substantial advance has been made on these views of the chemistry of the sulphide blacks.
The only aspect of theoretical chemistry which interested Green to any extent was the quinonoid hypothesis as a convenient logical means of explaining the tinctorial properties and the chemical behaviour of dyestuffs, as well as many of the steps in their synthesis. He had been immensely attracted by Thiele's explanation of quinonoid addition and his theory of unsaturation and conjuga tion. Green became a great advocate of these ideas in their application to dye stuffs, and they made his teaching lucid in a high degree.14 Various studies bearing on this topic are reported in several of his papers15 extending over many years. His most challenging contribution was an attack on the textbook16 explanation of the well known behaviour of phenol-phthalein with alkalis.17
The physical chemists were inclined to the view, first advanced by Ostwald, that colour was the result of ionization, i.e. the colourless acid of phenol phthalein forms salts, the ions of which are coloured. Green made the elucida tion of the behaviour of the phthaleins a test case and the evidence of his experi ments was accepted by Hantzsch as absolutely disproving the physical theory. Green's contention may be summarized thus: in phenol phthalein the coloured form has the quinonoid configuration II, the original colourless acid and the colourless salt resulting from the action of excess alkali being represented by I and III respectively:
This view of the para-quinonoid structure of phenol phthalein (coloured form) follows, of course, the ideas put forward to explain the structure of the triphenyl-methane dyes by E. and O. Fischer and by Nietzki, i.e. that they are para-quinonoid. In the case of hydroquinone phthalein, for which a paraquinonoid formula cannot be written, Green postulated an ortho-quinonoid, oxonium, structure, i.e. Green made important contributions on the subject of aniline black, both on the chemical and technological sides. Although one of the oldest of dye stuffs, having been observed by Runge in 1834, and having been in industrial use since 1862, its constitution and the mechanism of its formation were unknown. There had, moreover, been no substantial change in the commercial production of aniline black, which takes place on the fibre through the oxidation of aniline hydrochloride, generally with sodium chlorate and a copper salt in the presence of heat and moisture ('ageing'), finishing off with a sodium bi chromate bath. Variations of the process consist in the replacement of the copper salt by a ferrocyanide or by a vanadium salt. All these methods require great care to avoid damage to the cotton fibre, which could arise from the presence of hydrochloric acid or oxides of chlorine which could be formed under the conditions of the process. Green endeayoured to mitigate these defects by replacing chlorate oxidation by air oxidation, using a small quantity of paraphenylene-diamine in the presence of a copper salt as the oxygen carrying system. This process was patented20 and was successfully reduced to practice by Green and P. F. Crosland in several well known Continental dye works.
Green speculated,21 of course, on the role of the paraphenylene-diamine in the new process and was led to study the mechanism of the formation of aniline black. He differentiated between 'ungreenable' aniline black, which is the end stage of the dyeing process, and products then undergoing investigation at the Degradation results from more drastic action and the molecule breaks down to quinone as would be expected from its linear structure.
From his chemical work and technological observations Green was able to demonstrate that the final stage in the formation of aniline black is of an entirely different type from those which precede it, which are pictured above. Free aniline is involved and without it the reaction cannot get beyond the Nigraniline stage, i.e. the ungreenable black cannot be formed. Neutral condi tions are also necessary, such as in fact prevail in the last stage of the commercial process, the bichromate treatment. In the laboratory such conditions give a product identical with the true aniline black and Green explained the formation of the latter in practice as being due to residual free aniline, still present on the cloth when it emerges from the ager and before it enters the bichromate bath. From these observations Green felt justified in concluding that the last phase in the aniline black process is an oxidative addition of further aniline with ring closure of the safranine type to give a salt (usually the chromate) of the triphenylazonium-octaphenazine: The conditions of the aniline black process are varied for commercial reasons and the degree of 'ungreenability' attained depends on the completeness or otherwise of formation of the azine rings. 24 The similarity between the colour reactions of dinitrostilbene and of dinitroazobenzene, and the parallelism suggested by the formation of both substances by hypochlorite oxidations, thus:
